Myeloproliferative Neoplasm (MPN) is a clonal disorder of hematopoietic stem cells (HSC). MPN is categorized as 8 subclasses, including chronic myeloid leukemia (CML), polycythemia vera (PV), essential thrombocytopenia (ET), primary myelofibrosis (PMF), systematic mastositosis (SM), chronic eosinophilic leukemia (CEL), chronic neutrophilic leukemia (CNL), and unclassified myelofibrosis disorders (UMPN). It usually occurs in 5th to 7th decade of life. However, CNL and ET have been also observed in children. A lot of mutations have been identified in these disorders which Jak2V617F is the most important mutation. Moreover, other than JAK2V617F, several somatic mutations have been reported in MPN patients. Such mutations include MPL, TET2, ASXL1, IDH1, IDH2, CBL, LNK, IKZF, and EZH2 in precursor stem cells. The role of mutations mentioned is not clear in pathogenesis of this disease. Therefore, in this study, mutations in different stages of myeloproliferative disorders have been reviewed.
Introduction
Classic myeloproliferative syndrome with negative Philadelphia chromosome includes polycythemia Vera (PV), essential thrombocythemia (ET) and primary meylofibrosis (PMF). It seems MPNs with negative Philadelphia chromosome are a chronic myeloid neoplasm resulting from a malignant mutation. Clinical symptoms of these patients include erythrocytosis, thrombocytosis, leukocytosis, pancytopenia, extra medullary hematopoiesis, increased risk of thrombosis and transforming acute myeloid leukemia. Patient's longevity of MPN with negative Philadelphia chromosome is different such as 5-7 year survival in PMF and more than 15-year survival in PV and ET (1, 2) . In 2008, WHO reclassified myeloid and lymphoid and improved the 2001 classification. At present, classification of myeloid leukemia includes 5 groups, including AML, MDS, MPN, MDS/MPN and myeloid and lymphoid leukemia with eosinophilia and recombination in PDGFR or FGFR1. Totally, MPN can be classified into 8 subclasses such as chronic myeloid leukemia (CML), polycythemia vera (PV), essential thrombocytopenia (ET), primary myelofibrosis (PMF), systematic mastocytosis (SM), eosinophilic leukemia (CEL), chronic neutrophilic leukemia (CNL), and unclassified myeloproliferative (UMP). MPN is a clonal disorder in hematopoietic stem cells (HSC), occurring in fifth and seventh decade of life, however, CML and ET have also been observed in children. The annual incidence of MPN is 6110 per 100.000 populations (3, 4) . A lot of mutations have been identified in these disorders that JAK2 V617F is believed to be the most important. Recently, despite JAK2V617F, several somatic mutations have been reported in patients with MPN, including MPL, TET2, ASXL1, IDH1, IDH2, CBL, LNK, IKZF, EZH2 in precursor stem cells. However, the pathogenic role of mentioned mutations is still unclear (5-7).
Signaling of JAKs and STATs
JAKs are relatively large proteins with more than 100 amino acids with molecular weight about 120-140 kilo Dalton that have 7 domains, including JH1 domain, active catalytic domain of tyrosine kinas in carboxy-terminal. JH1 is adjacent to JH2, that JH2 is a catalytically inactive pseudokinase domain, a domain in amino-terminal known SH2 (JH3-JH4) and FFEM domain (Band-4, erzin, Radixin, moesin), including (jH6 and jH7). SH2 domain may have the role of scaffold rather than signaling. Mutation in SH2 domain of Jak1 has no effect on kinase activity or binding to receptor as well as having a key role in other kinases. Moreover, FRRM domain mediates interaction of membrane proteins and regulatory catalytic activities. Four membrane proteins from JAK family such as TyK2, JAK3, JAK2, and JAK1 have essential role in cytokine pathway in HSCs (8 JAK1 and JAK2 are involved in IFN-γ signaling and also accompany with type II cytokine receptors and consist of IL-20, IL-6, IL-10, IL-11, IL-19, and IL-22. JAK2 is stimulated through hormone-like cytokines such as growth hormone, prolactin, erythropoietin (EPO), thrombopoietin (TPO), and those have role in proliferation of HSCs, including IL-3 and GM-CSF. JAK1 and JAK3 are accompanied with γc cytokines such as IL-2, IL-4, IL-7, IL-9, IL-15, and IL-21. Finally, tyk2 with JAK1 and JAK2 is associated with type I interferon, P40, IL-12 and IL-23 (10) . Hyperactive Janus kinase leads to an abnormal proliferation in a series of hematological malignancies such as myeloid and lymphoid leukemia, Hodgkin lymphoma and B-cell non-Hodgkin lymphomas (11) . In 1985, the first study related to interaction of mutations in JAK kinases and hematological malignancies were performed. Luo et al. (12) indicated that in Hopscth Drosophila gene at position 341, glycine (Gly) is converted to glutamic acid (Glu), which causes leukemia-like disorder in hematopoiesis. Two years later, some studies demonstrated the interaction between JAK2 chromosomal translocation and human neoplastic growth. Specifically, in children with early precursor-BALL and adults with ACML recognized translocation between JAK2 kinase domain and helixloop-helix were related to ETS from TEL family (13, 14) . A high rate of point mutation in JAK2 and MPL, especially in MPN, is a substantial example of patients with aberrant signal transduction pathways. After that, JAK2 became as a promising target for treatment of MPN. Moreover, after the discovery of JAK2 mutations, synthesis of JAK2 inhibitors is increasingly being performed (15) . STATs are transcription factors that were first described by Darnell et al (16) . An earlier study signified the role of STATs in transduction of signaling initiated by several cytokines and growth factor. To date, seven genes coding STAT have been identified in mammals, and the post-translational modification/ proteolytic breakage leads to synthesis of additional isoforms of STAT1 and STAT3 (17) . STAT4 and STAT5 have two known forms including STAT4α and STAT4β, STAT5α and STAT5b, respectively, which are encoded by two separate tandem genes (18). In an unstimulated cell, STATs are nonphosphorylated proteins in cytoplasm. Following stimulation with cytokine, tyrosine is phosphorylated near cell surface receptors, providing an anchor for STATs through SH2 domain. When they are connected to the receptors, all members of STAT family are phosphorylated in conserved tyrosine CT terminal followed by response to cytokine stimulation (for example, Y694 in STAT5). Phosphorylation of this site of tyrosine is achieved by growth factor receptors such as JAKs and Src kinase, depending on the cell type and interaction ligand with receptor. Such phosphorylation leads to homo-and heterodimerization of STAT proteins through binding another STAT with SH2 domain in another phosphotyrosine site. When STAT is phosphorylated, dimerized STAT1 is transported to nucleus. Tyrosine phosphorylation in all STATs except STAT2 is regulated through phosphorylation of serine in a conserved domain of PSMP located in a transactivation domain (19-21) (Figure 2 ). JAK2 mutation JAK2V617F mutation is hidden at valine 617 in the auto-pseudokinase domain of JAK2. Molecular models of pseudokinase domain propose a reaction with activation lobe of kinase domain. Further, structural and functional researches suggest that amino acids located between position 619 and 970, are in maintaining the inhibitory characteristics of pseudokinase domain. Therefore, it has been hypothesized that V617mutation prevents the function of pseudokinase domain as an inhibitor of internals near kinase domain, resulting in aberrant tyrosine kinase activity of JAK2 (5, 22, 23 Researchers have demonstrated that JAK2-T875N led to a permanent activity in in-vitro and induction of MPN with megakaryocyte feature in mice transplanted with bone marrow. Other new mutations in JH2 domain in JAK2 confirmed permanent activation of JAK/STAT pathway, including JAK2K607N mutations and JAK2L611s in patients with AML and ALL, respectively (27) (28) (29) (30) . Several fusion proteins related to catalytic activity of the JH1 domain in JAK2 have been reported in leukemia that some of them are mentioned below.
ETV6/TEL-JAK2 Fusion
The first report on chromosomal translocation related to JAK2 gene was published in 1997 that described translocation t (9, 12)(P24;P13) in a case of Pre-BALL. This translocation resulted from incorporation of the second oligonucleotide helix-loop-helix of variant of ETS family (E26 transformation-specific or E-twenty-six) with tyrosine kinase JAK2 (31). This initial report was followed by a second study, describing known fusion of TEL-JAK2 resulting from a t (9,12)(p24;p13) chromosomal translocation in several human leukemia (31) . TEL is a member of ETS family of transcriptionfactors. TEL-JAK2 fusionprotein has a permanent activity of kinase, and its overexpression in a murine myeloid cell is caused by interleukin-3 (IL-3)-independent growth (32). These findings were broadly confirmed by independent induction of growth factors, hematopoietic cell transformation and developing myeloproliferative disease (MPD) in mice overexpressed with TEK-JAK2 gene. Subsequently, TEL-JAK2 fusion has been indicated to activate PI3-kinase and ERK 1/2 signaling pathway. TEL-JAK2 has been identified in ACML and pre-B and pre-T ALL (33) (34) (35) .
PCM1-JAK2 fusion
Finding Jak2V617F activating mutation led to increased interest in sequencing and genetic analysis of JAK2 locus in patients with hematological symptoms and opened a way for identification of several novel translocations in JAK2 gene. In a clinical study in Germany, human auto-antigen gene of pericentriolar material (PCM1) in fusion with JAK2 in men with acute and chronic leukemia was seen with distinct clinical outcomes. Although, this rearrangement t (8, 9) (p22; p24) was found with increased transcription of different breakpoints in both genes, all these fusion proteins contain the helixloop-helix domain and completely tyrosine kinase domain of JAK2 (36, 37) . Two groups of French researchers have identified the same translocations in ACML and acute erythroid leukemia (38) . Subsequently, this genetic disorder was seen in French patients with T-cell lymphoma (37) . Such translocation leads to the activation of kinase structure of JAK2 due to helix-loop-helix domain of PCM1-induced oligomerization. T (8;9)-induced fusion gene of PCM1-JAK1is indicated in ACML with eosinophilia, AML, and T-cell lymphoma.
BCR-JAK2 fusion
CML is a kind of disease with positive Philadelphia chromosome, leading to expression of BCR-ABL fusion protein. Cytogenetic analysis in Germany on a patient with a typical CML resulted in the discovery of BCR-JAK2 rearrangement rather than BCR-ABL1. Translocation of t(9;22) (p34;q11) led to fusion of helix-loop-helix of BCR dimerization domain with catalytic JH1 domain in JAK2. As a result, this patient had no response to imatinib as specific inhibitor of ABL1 kinase. In fact, imatinib had no inhibitory activity against JAK2 (39). After two years, a study in Italy reported t(9;22) (p24;q11) in patient with AML. Although, the occurrence of such translocation led to fusion of BCR and JAK2, however, breakpoints of BCR in this patient were different with those of the patient in Germany (40) . One year later, a study in Australia found t(9;22) (p24; q11.2), leading to BCR-JAK2 fusion in ACML patient with subcutaneous layer leukemia (41) . Other translocations are also observed in JAK2 include SSBP2-JAK2 in pre-B ALL, PAX5-JAK2 and STRN3-JAK2 in children with ALL and SEC31-JAK2 in classical non-Hodgkin lymphoma (42) (43) (44) .
RPN1-JAK2 fusion
Ribophorin1 (RPN1)-JAK2 fusion were detected in PML resulting from mutually exclusive translocation t(3;9) (q21;q24) (45).
SSBP2-JAK2 fusion
Rearrangement of regulatory gene transcription of SSBP2 with JAK2 was seen in a patient with pre-ALL (42).
PAX5-JAK2 fusion
In the last decade, most recent fusion of JAK2 was discovered in a population of 466 children with ALL, which showed that binding domain to DNA of transcription factor PAX5 is fused to several kinase domains of JH1 in JAK2. In addition to JAK2 translocation, other gene rearrangements may also lead to increased expression and activity. For example, in a study on cell lineage of a case with Hodgkin-lymphoma telomere relocation increased the number of copies of several oncogenes such as JAK2 (21) .
Mutations found in the chronic phase MPN JAK2V617F JAK2V617F mutation as the most common in patients with MPN occurs in exson14 of HAK2 gene located in 9p24 chromosome. This mutation is seen in 96% of patients with PV and 65% of those with ET and PMF (33, 46, 47) . Such mutation affects the selfinhibitory action of the JH2 domain in JAK2 and leads to the activation of JAK2 structure and signal transduction of JAK/STAT. Mice models with JAK2V617F mutation have a phenotype similar to PV with final development toward MF. Low expression of JAK2V617F leads to thrombocythemia and high level of JAK2V617F expression causes a PV phenotype in patients. However, clinical phenotype does not only depend on the expression level of JAK2V617F, and an increased polymorphism of STAT5 or STAT1 can induce megakaryopoiesis or erythropoiesis (48) .
Mutation of JAK exon12
Seventeen different mutations have been described in exon 12 of JAK2 that N542-E543 del, K539L, and E543D544 del are the most common them. Mutations in exon 12 lead to independent signaling of ligand in JAK2 that are recognized by overexpression of JAK2 phosphorylated and P-ERK1 and P-ERK2. In comparison to PVs with positive JAK2v617, mutations in exon 12 are resulted in significant increase in Hb, and low level of platelets and leukocytes at the time of diagnosis. However, the incidence of thrombosis, myelofibrosis and leukemia are similar to ones with JAK2V617F mutation (49) (50) (51) .
MPL mutations
MPL gene is located in chromosome 1 (p34), and can involve different mutations in exon10 of transmembrane domain of MPL receptor. The most common mutation is W515L, leading to structural activation of JAK/STAT pathway. The frequency of mutations is ET and PMF 3-5% and 8-10%, respectively. In mice models W515 mutation caused a phenotype-like PMF with thrombocytosis, splenomegaly and fibrosis. In some cases, MPL mutations and JAK2V617F are found together, indicating genetic complexity of MPN (52) (53) (54) . 
TET2 mutation

EZH2 Mutations
Enhancer of zeste homolog 2 (EZH2) is located on chromosome 7 (q36.1), coding a subunit called polycomb repressive that is a strongly conserved methyl transferase, and affects stemce1/ renewal through epigenetic repression of genes involved in apoptosis. Mutations in the EZH2 have been found in myeloid leukemia, patients with MPN/MDS and MF (61, 62) .
Other mutations found in chronic phase
NF1 Mutation
Neurofibromatosis 1 gene is located on chromosome 7 (q11.2), and is associated with hereditary Von Reck Kinf housen neurofibromatosis. These patients have increased risk for various tumors such as myeloid leukemia. NF1 acts as inhibitory mediator of RAS signaling pathway. Cross-talking with STAT-JAK pathway and the role of NF1 can lead to a progressive MPN. NF1 mutations have been observed in a small percentage of patients with post-Et and post-PV MF; however, it was not reported in patients with chronic phase MPN (63).
IDH1 and IDH2 Mutation
Isocytrate dehydrogenase land 1-2 (IDH1-2) genes are located on chromosome 2 (q33.3) and chromosome 15 (q26.1), respectively. IDH1 mutation leads to production of 2-hydroxyglutarate. Its role is not fully understood in the initiation and growth of tumor, however, it appears to have a metaboliconcogenic role in the progression of MPN toward leukemia, and glioma pathogenesis. The incidence of this mutation in chronic phase MPN includes ET, PV and PMF less than 5%, but in post MPN AML is about 21% (64, 65) .
ASXL1 Mutation
Additional Sex Combs-Linke1 (ASXL1) gene is located on chromosome 20 (q11.1) and it is belongs to the enhancer of trithorax and polycomb (ETP) genes that has role in activation and repress Hox (66) . ASXL1 and TET2 mutations are caused increased self-renewal of MPN progenitors through regulating histones (67) . ADXL1 mutations are observed in patient with MDS, AML, CMML, and JMML (68) .
CBL Mutations
Casitas N-Lineage Lymphoma (C-CBL) gene is located on chromosome 11 (q23.3). CBL is a known protein, playing both negative and positive roles in tyrosine kinase pathway. Active CBL might act as an active tyrosine kinase to destroy some proteins and plays as an adaptor through recruiting several components related to downstream signaling transduction. Mutation in this gene has been identified in 17% jMML and 6% MPN (PMF) (69, 70) .
IKAROS Mutation
Ikaros transcription factor is coded through IKZF1 gene located on chromosome 17 (p12), regulating hematopoiesis. In mice lacking the Ikaros function, lymphoproliferative disorders have been demonstrated in B and T-cell leukemia as well as anemia and thrombocytopenia. Phosphorus homozygous in IKZF1 gene in 21% post-MPN leukemia and 2.0% chronic phase MPN has been identified in MPN (71, 72) .
Role of TET2 in patients with Philadelphianegative As mentioned, pre JAK2V617F is deletion of the long arm of chromosome 20. In some patients, MPN is MPN is considered delq20 that occurs before JAK2V617F mutation. However, opposite situations are seen in others. Hence, occurrence of del20q is independent and does not appear to be related to JAK2V617F mutation. Some researches in patients with MPN and JAK2V617F mutation showed remarkable evidence, that leukemia cells were negative in 50% of the patients. In 2009, mutation of TET2 and ASXL1 were identified in various myeloid neoplasms, including MPN (10%). Like other Res Mol Med, 2014; 2 (4): 8 members of the TET family, TET2, probably has a role in DNA methylation. Recently, it has been demonstrated that TET proteins lead to catalyze the conversion of methyl methionine to 5-hydroxymethyl methionine in DNA. TET2 mutations appear to cause changes in function of HSCs and proliferation of myeloid through epigenetic remodeling. Such mutations are substantial candidate for pre-JAK2V617F incidence. Indeed, studies in typical MPN patients indicate that most cells have both mutations; however, some cells have TET2 mutations without JAK2V617F mutations. Indeed, TET 2 mutation is an early incidence. Other MPN patients have clones with either JAK2V617F or TET2 mutations. In some cases, blast phase cells with TET2 disorders cannot be detected before mutation transformation (27, 73, 74) .
Mutations associated with progression to AML Such mutations are mainly seen pre-AML myeloproliferative disorders but rarely found in chronic phase of the disease. Some gene mutations are associated with blast phase MPN, including IKZF, LNK, RUNX1, TP53, and IDH1/2.
Runt Related transcription factor (RUNX1)
Runx1 protein is α subunit of transcription factor core binding factor (CBF). CBF is critical for hematopoiesis. Translocation and point mutations are mainly seen in AML, and MDS. RUNX1 mutations are rare in MPN chronic phase, but they have been detected in 27% of patients with blast phase (18 out of 50). In another study, 37.5% of patients (6 out of 16) with post-MPN AML were positive for Runx1. Mutations often occur in Runt domain and are heterozygote, and probably associated with lack of function (75) (76) (77) .
TP53
TP53 encodes a tumor suppressor gene, playing a central role in the cellular response to stress. Moreover, this gene can repair DNA, induces cell cycle arrest, apoptosis, and post-genetic damage quiescence. TP53 is one of the most common mutations in cancers. TP53 mutations are rare in chronic phase of MPN, however, are found in 20% patients (4 out of 16) with post-MPN AML. Mutations are resulted in loss of Protein function, and in all cases, 2 alleles were affected. In another study, TP53 mutations were found in 27.3% and 31% of post-MPN AML and chronic phase of disease (heterozygote mutations), respectively. In both studies, TP53 mutation has been indicated in chronic phase of pre-AML suggesting it may be useful to assess progress toward AML. Furthermore, chromosome replication has been demonstrated in 0.32% and 18.8% chronic phase of disease and post-MPN AML MDM4. Region replicated, carrying MDM4, is a TP53 inhibitor in another malignancy. In this study, TP53 mutations and 1q duplicated are exclusive, suggesting a similar role for two genetic changes. In total, 45.5% patients with post-MPN AML have an abnormality in TP53 or chromosome 1q (78) (79) (80) .
IKAROS family zinc finger1 (IKZF1)
This gene encodes IKZF1, a transcription factor related to chromatin modification, is essential for normal hematopoiesis. IKZF1 mutations in lymphoid malignancies have been described as specific deletion in chromosome-positive ALL. IKZF deletions are seen in less than 1% chronic phase and 20% post-MPN AML. Deficient of main IKZF1 deletions in chronic phase of seven patients with AML suggest that IKZF1 mutations may be a late event in the progression to AML, and therefore, not useful as a surrogate marker (81, 82) . A summary of the different MPN mutations is shown in Table 1 . 
